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ARSTRACT

Dried Serratia marcescens (ATCC strain 14041) were exposed to various
purtisl pressures of oxygen and nitrogen. The colony-forming ability of
the organiems was rapidly destroyed during expocurs to oxygem but unimpaired
Ly exposure to purified nitrogen., The degree of inactivation depended upon
temperature, time, and the partial pressure of oxygen regardless of whether
pure oxygen or dry air was ?sed. The {nactivation by oxygen followed the
c:pression -Inl/No, = K 07]17/3t1/2 yhere N, and N are the number of viable
organisms before and after exposure respectively, [02] {s oxygen concen-
tration, t 17 tice, and k the rate constant. At 25 C, k was 276+36
zoles™1/3¢cl 3hr'172 for oxygen pressures between 5.5 and 258 torr.

In the temperature range between -78 and 40 C, the rate copstant may
be exprcssed as k = 10 9520, zexpc(-430t26)ca1/RT]moles'1 3cc1/3hr‘1/2.
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1. _INTRODJCTION

Rogers1 waes one of the f{rst investigatore to recognize the lethal
effectg of oxygen on lyophilized organisms. Later Naylor and Smith™
reported recults that substentiated Rogers' rerults. These investigators
reported that survival was highest for oiganiser s stored under vacuum and
lowest for those stored in air o1 onxygen. Armosphercs ot nitrogen, hydro-
gen, aud carbon dioxide yielded intermediate resulrs, Scot+® indicated
that the etfect of the atmosphere upon the survival of drfed bacteria
depended upon the nature of the suﬁfending wedium and {tg molsture cvn-
tent. Recertly Lion and Bergmann" list ed nuawrous substances that
protect lyophilized Lscherichia colf agafnst the lethal effects of
oxygen, Lion® suggested that a prerequieite for effective protection
agsinst oxygen in the dry gtate 1s the accumulation of the solute sround
the bacterfa, which he assumed to have occurred durfng lyophilization.
Bcnedict et al.’ reported thar stnggpherfc oxygen kiiled 95% of dried
Serratia marcescens ‘n 10 minutes, that certain reducing agents prevented
the actfon of the oxygen, and that humfd{ty seemed to play no role in the
phenomer on.

The nature of the adverwe cffect of oxygen on dried bacterfa {s still
not understood. Lion, Kirby-Smith, and Randolph® showed that free radical
production, meagured by an i{ncrease in the relative electvon paramagnetic
resonance (FPR) signal, occurred when dry F. coll was rvtored {(n the
preaence of oxygen. §. marcvescens vas shown to exhitit the same phencme-
pon by Dimmick, Heckly. and Holl{a.® The EPR etudies wore cxtended by
Heckiy et 2i.*® to tnclude the effects of mofsture, selected protective
sdditives, and other ervironmental factors 14on and Avi-Dor’® showed
ther nicocinamide adeuine dfnucleotide (NADH) oxidase activity was
inhibited in lyophilired E. co!f aiter exposure to oxygec. Hess ~ has
recently reported that 5. msrcescens were rapidly {nsctivated when aero-
#olired in air but that their colony~forming ability was almost unimpaired
vhen the orgeniems were aerosolized in relatlvely pure nitrogen.

This {nvestigation was underteken to determine (i) a rate expression
for the inactivation of drfed 5. marcescens by oxygen, (ii) the Arrhenius
peremeters tor inectivation; saud (Li{) whether the lerhal effects_ cf oxygen
observed when water suspensions of §. marcescens are aerosolized”” sre
sinilar to those observed when lyophilized organisms are exposed to oxygen.




AR D T TR W B IR S M Y e e et

6

II. MATERIALS AND METHODS

The methods for growing the §. marcescens (Fort Detrick strain 8UK,
ATCC strain 14041), determination of viable cell Eopulations, lyophiliza-
tion, and rehydration were described previouuly.z Triply washed bacterial
suspensions containing about 2 x 1010 organisms per ml were routinely used.
From 45 to 707 of the viable cell populations in the parent suspensions
survived lyophilization and these dried materials were used for the
varicus studies.

The oxygen (Southern Oxygen Company, Hagerstown, Md.) used was pre-
dried by passing it through a trap of sctivated sili-a gel at dry ice
+temperatures, The dried oxygen was stored in 2-liter flasks on “he high
vacuum manifold end used as needed., Room air was dried and stored in the
same manner prior to use. Nitrogen containing lees than 10 ppm of water
and lesoc than 2 ppm of oxygen was obtained from J.T. Baker Chemical Co.,
Phillipsburg, New Jersey, in sealed pyrex bulbs. The nitrogen was further
treated to reduce the oxygen content by allowing it to remain in countact
with a mirror of vacuum-distilled sodium metel for a few days. Gas pres-
sures were measured with a McLeod gauge or mercury manometer. Contact
of mercury vapor with the test organisms was avoided ty using cold traps.

The bacterial suspensions were lyophilized at less than 10°® torr in
20-ml ampoules containing glass beads of 4 mm diameter, Immediately pre-
ceding exposure, the ampoules were slightly jarred to break up the dried
csked material with the glass beads. At the beginning of this study,
dried samples were vigorously shaken to determine whether this would
increage the exposure surface of the dried material, thus resulting in
a possible increase in the rate of inactivation during exposure.

Vigorous shaking in the presence of the glass beads led to inactivation
of a aubstantial percentage of the organfsms, but with gentle jarring the
mechanical destructiou was negligible, In both cases the remaining
viabple orgarisme decayed at tle same rate when exposed to a given partial
pressure of oxygen. Organiasms dried in the absence of the glass beads,
however, shcwed slower and nonreproducible inactivation rates during
exposure. Durin; che exposure studies at 25 C, ampoules containing the
dried organisms were fmmersed in a water bath thermostatically controlled

at 25 C (0.%9).

Dried organisms to be exposed to dry air at temperatures below 25 C
were cooled to the desired temperature before the air was introduced.
After the l-hour exposure, the ampoules were evacuated and warmed to
25 C before rehydrationm.
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IY. RESULTS

Some survival vs. time data obtaired by exposing lyophilized §.
marcescens at various pressures of oxygen, dry air, and nitrosen are
plotted {n Figure 1. No loss in visbility could be detected whLen the
dried organisms were held under vacuum (pressures less thun 10°° torr)
for periods up to 3 hours. The semi-logarithm plot of N/N, vs. time
indicatea that the decey rate decreases as time increases for a given
partial pressure of oxygen, Since no pressure changes were detected
during these studies, it was concluded that oxygen inactivation resulte
reporied in tnis paper are representac.ve of the effects of a large
excees of oxygen compared with those of the amount required for the

inactivegtion obse;ved during tne exposure period.

Figure 2 shcows the dependence of viability upon the partial pres-
sure of oxygen after - and l-hour exposures at 25 C. The extreme
scagitivity of the dried suepensions to low oxygen pressures was pro-
nounced; about 757% of the organisme were inactivated in % hour by
oxygen at a pressure of 10 torr. Also, losses in viability after exposure
to dry air were identical to those obtained with pure oxygen when both

were normalized to the same rartial pressures of oxygen.

Figure 3 gives another representation of the inactivation curves
given in Figure 1, Plots of log N/N, vs. (time)k fitted all the eur-~
vival data well, Tt ghould be noted that the straight lines obtained
for the various partial pressures of oxygen extrapolate to N/M, = 1
at t < 0. A rate expression for the oxygen jinactivation of lyophilized
S. marcescens can be written: ~1lnN/N, = K t% where K 1s a pseudo rate
constant dependent upon the partial pressure of oxygen, and t is time.
T+= pseudo rate constants, K's, for all the oxygen insctivatiop data
vere obtained by determining the slopes of log N/No vs. (time)? plots
py the least-squares method. These data are given in Table 1.

The pseudo rate constant is related to the oxygen concentration by
the expression:

K= ﬁOz]n

or

logis K = n logy 05] + logy k

A T 3T R T LT TP
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Figure 1. Semi-Log Plot of Survival vs. Time after Exposure of Lyophilized

S. marcescens to Various Pressures of Oxygen, Dry Air, or Purified
Kitrogen. N, and N are the number of viable organisms before and
after the exposure respectively,
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Figure 3. Semi-Log Plot of Survival vs, (’.[‘ime)”2 after Exposure of
Lyophilized 5. marcescens to Vericus Pressures of Oxygen or
Dry Air. N, and N are the nuaber of viable organisms be ore
and after the exposure respectively.
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TABLE 1. KINETIC DATA FOR THE INACTIVATION
OF SERRATIA MARCESCENS BY OXYGEN

' Oxygen a/
Oxygen Pressure Concenfration,= K Pse k
torr ’ 10 mole/éc hr'Y?g’ moles'1/3cél/3hr'1/2

258 139 6.51 271
172 92.5 5.50 261
1602/ 86.1 5.17 252
1592/ 85.5 6i13 300
121 65.0 5.27 283
1108/ 59.2 4.79 275
71.6 38.5 4.15 264
53,7/ 28.9 3.85 271
37.7 20.3 4.28 337
30.8%/ 16.6 3,02 258
23.6 12.7 3.31 306
11.0 5.92 2.11 251
8.0 4.30 1.85 245
7.82/ 4,20 2,29 306
5.5 © 2796 1.78 : 267

a., Oaiculated by using the ideal gas law,
b. Dry air used as source of oxygen.

where n 18 the order of the rate expression i{in oxygen and k is the rate
constant. A plot of the logy of the pseudo rate constant, X, vs. logy
of tue oxygen concentration is given in Figure 4, A least-squares fit
of the data ylelds a slope of 0,328+0,022, which is approximately 1/3.
Therefore, the {nactivation by the oxygen can be expressed as follows:

-108/N, = K 0,]1/3¢1/2

where N, and N are the number of viable organisms before and after

exposure respectively, [02] is the oxygen concentration, t is t17n,
end k is the rate constant, which was found to be 276436 moles~l 3ccl/3pr-1/2

at 25 C.
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Dried organisus were exposed to dry air at atmospheric preesurc for
1 hour et -78, -15, 0, &aud 40 C. The values obtained for the viah{lity
losgses vere corrected for the losces that occur wh:on driled crganiems
under vacuum are subjected to the various temperatures for 1 hour.>?
The covrected values of N/N, were then uged to estimste the rate comstant,
k, for the various temperatures. The results are plotted as the Arrhenius
functton in Figure 5. A line determined bv the least~-squares method
through the points for -78 to 40 C yields:

Kk = 103-9550.4205 L (-430:26)cal/RT)moles”/3ccl/2h"1/2

IV. DISCUSSION

Lyophilized S. marcescens rapidly become nonviable when expcsed to
oxygen or dry air. The degree of thie inactivation was found to be
depenident upon time, temperature, and the partial pressure of cxygen.

Lion and Bergmann repor.ed results on the inact{vation of lyophilized

E. cvli by oxygen. Their qualitative results are {n agreement with those
of this work, but they did noc¢ report a rate expresgion for the fractiva-
tion procees. However, their survival vs, time data rit the log N/N, vs.
(time)l/2 relationship. Dunklin and Puck ¢ reported decay data of air-
borne corganiscs a&nd showed that the decay was more dependent on relative
humidfty (RH) f{a the presence than #n the absencc of added suluies, They
Cuusidered the inactivation process ss consisting of an {nit{al rapid
Zirst -order rate process followed by a slower one, However, th7%r data
cen be represented with equal success by a log N/Ky vs. (ti:ne)1 “ plot
indicating that two different decay processes are not necessary to explain
their data. Hees'" haa reported a study on the inactivation of aserosolized
5. ndrcescens in atwospheres corntaining various oxygen contents, FPlgure 6
givee 2 comparison c{ the inacrivation reported by Heas for aeroscli:zcd
organisms with the result of the present work. There appears to be nc
marked difference {n the degrees of inactfvation after ¥ hour as a function
of the pertial pressure of oxygen in the two rystems, It chould be noted
that Hess' datas were generated at 407 RH but 0% RH was used in this work,
hence direct compariscn is not completely valid. However, preliminary
stuiles conducted in this laboratory on the tnactivar¢cs <2 lycr“ilized

S. marcescens by oxvzen in humidffiasd air {ndissts that the degree of
inactivation of washed lyophilized organisme was easentlally independent
of RH between C7, and 857, but when orgavisms were lyoph.ifzed from suspen-
sions containing 0.05% NaCl there was a marked RH dependence upon the
degree of fuactiveition by air. The results of these experfiments will be
reported clsewhere later. Hess pointed cut that the insctivation by
oxygcn was the major cause of death when §. marcescens were subjected to

aerogolizetion {n atmospheres of dehydrating levels of Rﬂ.' Webb'®
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suggested that the lethal effects in the aerosol are due to ccllapse of
protein structures upon denydration and later reported additfves that were
capable of replacing c;}lular vater thus increasing the survival of aero-
solized S. marcescene. It sppears that Webb overlooked the {nacrivation
by oxygen; this 1e understandable when one considers the extreme sensitivity
of dehydrated organisms to even smiall oxygen concentrations (Fig. 2).

Some remarke about kinetic {nterpretation of these data scem warranted
at this time. The amount of oxygzen recquired for fndciivation fe small
because no pressure changes wcre detected during the exposures (pressure
changes >57 could have been detected). Lion, Kirby-Smith, and Randolph®
cauc tc 8 similar conclusion {n their work on the inactivat{on cf E. colf
by molecular oxygen. The rolc played by molecular oxygen in the inactfva-
tion procesc 18 unknown and {t would be meaningiegs at this time to formu-
late a mechanism only on the basis of rate data. The preliminary kinetic
studies reported ir the present work as well 28 those of Lion arnd Bergmann
show that the {nactivation process 18 not simply pseudo first-order. In
fact, the integrated rate exnrfssion found here suggests tha. a chain
mechanism involving redicals®’*® i probably occurring during the fnacti-
vation process.

It would be of {nternst to compare the integrated raLe expression
reported here with that of other atwospheric gases that {mpafr viability.
More kinciric date in this area should be useful in explaining the air
sterilizgstion of microorgenisms,
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